Two RNA species, and one DNA species, were isolated from subterranean clover red leaf virus (SCRLV) prepared by a modification of previously described methods. 3H-labelled cDNA transcribed from high molecular weight RNA of purified virus was specific for the detection of SCRLV, in that it showed no hybridization with nucleic acids from either healthy plants, or plants infected with the serologically related potato leaf roll virus, but hybridized with homologous RNA and nucleic acids from SCRLVinfected plants of two species. The cDNA detected SCRLV in individuals and groups of the aphid vector, Aulacorthum solani, and the average virus content was greater than 170 pg per aphid. The non-vector, Myzus persicae, contained only trace amounts of SCRLV, a result confirmed by enzyme-linked immunosorbent assay.
INTRODUCTION
Subterranean clover red leaf virus (SCRLV; Kellock, 1971 ) causes a serious disease of Trifolium subterraneum L. and other legumes in Australia and New Zealand. Based on the persistence of its transmission by the aphid Aulacorthum solani (Kltb.), the nature of its symptoms in legumes (Kellock, 1971; Johnstone, 1978; Ashby et al., 1979) , the association of luteovirus-like particles with infection (Jayasena et al., 1981) and its serological relationship with other luteoviruses (Johnstone et al., 1982; Ashby & Kyriakou, 1982) SCRLV has been assigned to the luteovirus group (Matthews, 1982) .
Luteoviruses are apparently confined to phloem tissue and characteristically reach very low concentrations, in their plant hosts. Before the development of serological methods for viruses in this group (Aapola & Rochow, 1968; Roberts et al., 1980; Johnstone et al., 1982; Ashby & Kyriakou, 1982) , identification was based on transmissibility by specific aphid vectors and symptomatology.
Molecular hybridization using complementary DNA (cDNA) has recently been shown to provide a highly specific and sensitive method for identifying and comparing viroids and viruses (e.g. Boccardo et aL, 1981 ; Abu-Samah & Randles, 198 I, 1983) , and the random priming method developed by Taylor et al. (1976) has allowed the synthesis of cDNA from several micrograms of viral RNA. This technique seems to be particularly applicable to studies on luteoviruses because it should be possible to synthesize a specific cDNA probe from the amounts of virus recoverable from a single preparation. Specific RNAs comprising as little as 10-s~ of the total nucleic acid content of plants can be detected (Palukaitis et al., 1981) and hybridization percentages can be used to study relationships between viruses and virus strains (Palukaitis & Symons, 1980; AbuSamah & Randles, 1981 . We report here the synthesis and specificity of a probe for SCRLV, and demonstrate its potential for identifying infected plants and viruliferous vector aphids. METHODS Virus pur~cation. SCRLV-T (an isolate from Tasmania provided by Dr G. R. Johnstone with its vector A. solani) was purified by either of two methods, both of which employed cellulase digestion of crude extracts. In method A, 500 g of frozen leaves and roots of infected pea (Pisum sativum cv. Puge0 was blended with 1 litre of 0-1 M-sodium citrate buffer pH 6.0, containing 0-1 ~o thioglycollic acid and 1'5~o cellulase (Onozuka R-10; Yakult Biochemicals, Nishinomaya, Japan) in a Virtis '45' homogenizer. Following incubation at 28 °C for 16 h, the extract was homogenized again, adjusted to pH 7.0 with 0-2 M-Na2HPO,, chilled, then sonicated for 15 s (Branson Sonifier). Triton X-100 was added to 1 ~, and after incubation at 4 °C for 16 h, the extract was warmed to 20 °C and then clarified at 16000 g for 10 min. Virus was sedimented by centrifugation at 65000 g for 4 h, resuspended by continuous stirring in 10 mi-sodium phosphate buffer pH 7.6, for 16 h at 4 °C, then after warming to 15 °C, was clarified at 12000 g for 10 min. The virus was sedimented through a 9 ml 20~ sucrose cushion at 250000 g in a Spinco Ti70 rotor for 2.5 h at 15°C, resuspended and clarified as above, then fractionated by centrifugation through a 10 to 40~ phosphate-buffered linear sucrose density gradient in a Spinco SW50 rotor at 28000 rev/min for 3.5 h. Fractions containing particles as determined by electron microscopy (Jayasena et al., 1981) were pooled, virus particles were sedimented by high-speed centrifugation, resuspended in 0-7 ml 10 mMphosphate buffer, and mixed with buffered Cs2SO, solution to give a final density of about 1.35 g/ml. Mixtures were placed in tubes overlaid with light mineral oil and subjected to isopycnic density gradient centrifugation at 35 000 rev/min for 18 h in a Spinco SW50 rotor. Particles were collected from a band formed in the central zone of the gradient (O = 1-31 g/ml) and sedimented after dilution by centrifugation at 240000 g for 90 rain in a Spinco 65 rotor.
Method B was a modification of method A, and used liquid nitrogen and a pestle and mortar for the initial shearing of pea tissue followed by blending in 0.1 M-sodium citrate, pH 4.7, containing 10 mM-EDTA, 0.1 thioglycollic acid and 0.5 ~ cellulase (Type I, Sigma). Extracts were incubated for 3.5 h at 28 °C, and after raising of the pH to 7 with 0.1 M-Na2HPO, and incubation at 4 °C for 16 h, the mixture was clarified at 260 g for 15 min at 15 °C before adding polyethylene glycol (PEG) 6000 to 8 ~ and N aCl to 0-4 M. The precipitate was collected by centrifugation at 4100g, and resuspended in 10 mi-phosphate buffer pH 7.6, by stirring for 16 h at 4 °C. Triton X-100 was added to 1 ~o, the mixture was stirred for a further 2 h and then clarified by centrifugation at 16000 g for 15 min. A second PEG precipitation step was followed by resuspension, as above, and clarification by centrifugation at 10000 g for 30 min. Virus was sedimented by high-speed centrifugation, then resuspended and centrifuged to equilibrium in a Cs2SO, gradient and concentrated by high-speed centrifugation as described above.
Nucleic acids. Virus preparations in l0 mM-phosphate buffer pH 7.6, were mixed with an equal volume of preincubated Pronase (Calbiochem) (2 mg/ml), sodium acetate (0.2 M) and SDS (1 ~) (Randles, 1975) at 37 °C for 16 h. Nucleic acids were precipitated with 4 vol. ethanol, dried, dissolved in 10 ~tl of 1 ~ SDS, and stored at -20 °C. Before fractionation on denaturing polyacrylamide gels [3.3 ~ polyacrylamide containing 8 M-urea and buffered with Tris-borate-EDTA (Peacock & Dingman, 1968) ], nucleic acids were re-precipitated with ethanol to remove SDS, centrifuged, drained, dried and dissolved in sterile water. Predigestion with ribonuclease (RNase A, 50 ~tg/ ml) was done at 37 °C for 30 min. Predigestion with deoxyribonuclease (DN-EP; Sigma) was done with nucleic acid aliquots in 50 mM-Tris-HC1 pH 7-4, with 10 mM-MgC12 ; enzyme concentration was 50 ~tg/ml, incubation was at 37 °C for 30 min. Reactions were stopped by adding equal volumes of 1 ~ SDS and freezing. All samples were mixed with glycerol to 10~, and subjected to electrophoresis using tRNA and rRNA molecular weight markers obtained from Nicotiana clevelandii (Randles & Coleman, 1970) or viral RNA markers from velvet tobacco mottle virus . Gels were stained with 0.01 ~ toluidine blue in 5 ~ acetic acid and destained in water.
For sucrose density gradient fractionation, nucleic acids were dissolved in 0.25 M-Tris-HCI pH 9, containing 0-1 M-ammonium bicarbonate, 1 mM-EDTA and 1~ SDS (Reddick & Barnett, 1983) . The 7-5 to 30~ sucrose gradients were buffered with 0.5 M-Tris-HCI pH 9.0, and centrifuged at 25000 rev/min for 16 h at 14 °C in the Spinco SW41 rotor. Fractions comprising u.v. absorption peaks were collected, sodium acetate was added to 0-2 M, and the nucleic acid precipitated with ethanol. It was re-dissolved in 0-4 ml of 0-2 M-sodium acetate, extracted with 0.5 vol. water-saturated phenol by shaking for 1 h, centrifuged, and nucleic acid in the aqueous phase was again precipitated with ethanol.
Molecular hybridization analysis (MHA).
For cDNA synthesis, RNA was mixed with 75 ~tCi (3 nmol) of [3H]dCTP (Amersham), lyophilized, and reverse-transcribed by the random primer method (Taylor et al., 1976; Gould & Symons, 1977; Abu-Samah & Randles, 1981 ) using avian myeloblastosis virus reverse transcriptase.
Hybridizations were done as described previously (Abu-Samah & Randles, 1981) and $1 nuclease-resistant hybrids were detected by incubating RNA--cDNA mixtures in 'low' salt St assay buffer (0-05 M-NaCI, 0.03 Msodium acetate, 1 mM-ZnSO4, 5 ~ glycerol, 40 ~tg/ml denatured DNA, pH 4-6) with 50 units of $1 nuclease/ml for 30 min at 45 °C. Percentage hybridization values were corrected for self-annealing of cDNA (Gonda & Symons, 1978) . Nucleic acid extracts from plants and aphids used in hybridization assays were prepared by two or three phenol-SDS extractions, followed by ethanol precipitation and drying of the nucleic acid preparation (Randles & Coleman, 1970) . The RNA was further purified by resuspension in 0.2 M-NaC1 and precipitation with 0.5 vol. 1 cetyltrimethylammonium bromide (CTAB) (Ralph & Bellamy, 1964) . When nucleic acid content of samples was low, 200 ~tg of yeast soluble RNA was added as a carrier at the commencement of the phenoF-SDS extraction procedure.
Detection of S C R L V with cDNA 111
Enzyme-linked immunosorbent assay (ELISA). Alkaline phosphatase-conjugated immunoglobulin was prepared according to McLaughlin etal. (1981) from antiserum kindly donated by Dr P. M. Waterhouse. The conjugate was pre-absorbed with a mixed extract of leaves from healthy T. subterraneum, Datura stramonium, and Viciafaba by combining equal amounts of leaf and homogenizing them in 19 vol. 20 mM-phosphate-buffered saline pH 7.3, 0-05 % Tween 20, 20 mr, i-sodium diethyldithiocarbamate, 20 mM-2-mercaptoethanol. Conjugated antibody (1-25 p-g/ml) was then incubated in this extract for 5 h at 20 °C. Pre-absorption of the serum was unnecessary for detection of SCRLV in infected plant extracts because uninfected tissue extracts gave low (0-03 to 0.06) absorbance values in ELISA. However, aphids with no access to SCRLV-infected plants gave absorbance readings (0.12 to 0.28) which could be confused with positive ELISA reactions. Pre-absorption of the conjugate prevented this non-specific reaction with aphids. Double-sandwich assays were as described by McLaughlin et al. (1981) .
RESULTS

S C R L V nucleic acid
Both purification methods gave virus preparations with typical particles of about 30 n m diameter (Jayasena et al., 1981) . Identity of particles was determined by immune electron microscopy or immunodiffusion tests using antiserum kindly provided by Dr J. W. Ashby. A n .426o/.428 o ratio of approx. 1.5 was obtained for preparations. Our yields from pea tissue were low (24 ~g/kg for method A, 1.34 mg/kg for method B), but only traces of virus were recovered from tissue of infected T. subterraneum.
The nucleic acids isolated from SCRLV prepared by method A (Fig. 1) contained two R N A bands (RNase-sensitive, DNase-resistant) with estimated molecular weights of 2.08 x 106 (band 1) and 1.08 x 106 (band 3). These two R N A bands retained their integrity and relative Fig. 2 . Sucrose density gradient fractionation of nucleic acids isolated from SCRLV which was purified by method B. The high molecular weight peak (arrowed) was used for cDNA synthesis. Sedimentation is from left to right. electrophoretic mobilities upon re-electrophoresis in a denaturing urea gel. Their relationship to each other is not known and requires further investigation by a comparison of nucleotide sequence homology. Another luteovirus, beet western yellows virus has been reported to contain two RNA species (Falk et al., 1977) .
The more diffuse band observed between the two RNA bands (band 2) was shown to be DNA by enzyme digestion (Fig. 1) . Copurification of DNA with the SCRLV RNA may be a result either of attachment to, or of encapsidation in SCRLV particles. Its origin is unknown, but it may be analogous with the DNA which Sarkar (1976) found to be associated with preparations of the RNA-containing potato leafroll virus (Rowhani & Stace-Smith, 1979) . Nucleic acids from virus prepared by method B were not analysed before fractionation on sucrose density gradients.
Kinetics and specificity of molecular hybridization assay
For the synthesis of cDNA to SCRLV RNA, virus was purified by the faster method B, and nucleic acids were fractionated on a sucrose density gradient to separate a high molecular weight peak from low molecular weight material (Fig. 2) . The peak, containing about 1 gg of nucleic acid, was detected at a position expected for an RNA about 0.7 of the tool. wt. ofpotyvirus RNA sedimented under similar conditions. It was collected and the nucleic acid was recovered by ethanol precipitation in the presence of 0.1 M-sodium acetate. About 0.4 ~tg of RNA was recovered and about 90~ of this was used for reverse transcription of cDNA.
About 1 ~ of the [3H]dCTP used in the reverse transcription reaction was incorporated into cDNA. Homologous hybridization kinetics were first-order, and the Rot~ value lay between 6 × 10 -3 and 9 × 10 -3 mol.s/l (Fig. 3) ; the higher value was used for estimates of virus concentration. Viral RNAs of Mr between 1 x 106 and 2 x 106 give homologous R0t i values in this range under these conditions of hybridization (Gould & Symons, 1977 ; . Self-hybridization of the cD NA was less than 5 ~ in all assays, and the single transition in the Ro t curve, together with the results in Table 1 , demonstrate the specificity of the cDNA for SCRLV RNA. It did not hybridize significantly with host nucleic acids even at high Ro t values. Myzus persicae 20 aphids; access to SCRLV Total -l" -0 20 aphids: no access Total ~" 0 * Values corrected for self-hybridization (0-5%), but not normalized with reference to homologous standard. Hybridization buffer was 0-18 M-NaC1, 0-01 M-Tris-HC1 pH 7.0, 0-05~ SDS, 0-001 M-EDTA.
t Carrier yeast RNA was used to extract aphid nucleic acids; Rot was therefore not calculated. Incubation was for 118 h when carrier was added, and 72 h otherwise.
Maximum homologous hybridization values varied between 45 ~ and 96 ~ (Table 1) in different experiments possibly as a result of variation in $1 nuclease activity in different assays. Nevertheless, values above about 30~ are regarded as clearly positive for SCRLV RNA, from previous experience with this type of assay (Boccardo et al., 1981) . The CTAB step in the purification of plant and aphid nucleic acids used in hybridization assays was necessary to prevent partial degradation of cDNA during the hybridization incubation. Table 1 shows that the cDNA can be used to detect SCRLV RNA in infected T. subterraneum and pea. Potato leafroll virus (PLRV) which shows a weak serological cross-reaction with SCRLV (Ashby & Kyriakou, 1982) showed no detectable nucleotide sequence homology under our conditions when nucleic acids from PLRV-infected Physalis floridana were allowed to hybridize with cDNA to SCRLV RNA.
Detection of SCRLV in aphids
Groups of A. solani, but not Myzus persicae, were found by MHA to contain SCRLV RNA following a 72 h acquisition feed of apterae on SCRLV-infected T. subterraneum (Table 1) . These species were then assayed by both MHA and ELISA in a second trial in which they fed on SCRL'q-infected T. subterraneum for 102 h under continuous light at 25 °C. Live fourth and fifth stage larvae were collected into batches of 10 or 30, duplicate groups of 10 aphids were assayed by ELISA while groups of 10 or 30 aphids from the same population were assayed by MHA.
The results in Table 2 show that the detection of SCRLV in A. solani by both methods was dependent on access to a SCRLV-infected plant. Trace amounts of SCRLV were detected in the M. persicae groups given access to SCRLV, by both ELISA and MHA. Since both viral antigen and nucleic acid were detected, we conclude that whole virus was taken up by M. persicae. A slightly higher level of SCRLV was detected by MHA in the group of 30 M. persicae than in the group of 10. We conclude that although SCRLV may be detected in M. persicae, it does not Fig. 3 . Homologous hybridization kinetics of SCRLV-specific 3H-cDNA with the high molecular weight virus RNA. Fourfold dilutions of the RNA in 0.18 M-NaCI, 0.01 M-Tris-HC1 pH 7.0, 1 mM-EDTA, 0.05~ SDS were incubated with cDNA at 65 °C for 72 h. Hybrids were assayed with $1 nuclease. Fig. 4 . Hybridization kinetics of SCRLV-specific cDNA with total nucleic acids extracted from the vector, A. solani. Aphid nucleic acids were diluted fourfold and incubated as in Fig. 3 for 20 h. accumulate to the concentration found in A. solani. This is consistent with the results of trials in which A. solani but not M. persicae transmits SCRLV (Johnstone, 1978; Jayasena & Randles, 1983) .
To test the sensitivity of MHA for detecting SCRLV in A. solani, single apterae at the fourth or fifth instar were collected from a colony bred on infected T. subterraneum, weighed, extracted, and assayed. As shown in Table 3 , 2/10 aphids were clearly positive for SCRLV (>40~ hybridization), 3/10 gave intermediate values (24 to 40 ~), while 5/10 were considered negative (< 15 ~o). Thus, MHA appears to be sensitive enough for detecting SCRLV in single aphids. Moreover, it appears that single aphids vary in their ability to accumulate SCRLV, and this variation appears not to be related to the weight of the aphids. We have yet to test the relationship between detection of SCRLV by MHA, and ability to transmit.
An estimate of the average SCRLV content of the viruliferous A. solani was made by hybridizing cDNA with a fourfold dilution series of an aphid extract. By comparing the Rot i obtained for an aphid extract (31-6 mol-s/l) (Fig. 4) with the homologous Roq (0.009 mol. s/l), SCRLV RNA was shown to constitute 0.03~ of the aphid nucleic acid extract. The yield of nucleic acid from the 200 insects used for the extract was 112 ~tg, which gives an estimated yield of 34 ng of SCRLV RNA, or 170 pg per aphid. Assuming an RNA content of 20 ~ by weight for SCRLV, the average virus content per insect is estimated at 850 pg. Average aphid weight was Detection of SCRL V with cDNA * Coating antibody at 1.25 lag/ml, 1 h at 5 °C; antigen (10 aphids were ground in 100 ~tl of 20 raM-phosphatebuffered saline pH 7.3, 0.05~ Tween 20, 20 mM-diethyldithiocarbamate, 20 mM-2-mercaptoethanol; leaf was ground in 4 vol. of the same buffer) was allowed to react for 24 h at 5 °C; absorbed conjugate was clarified by centrifugation, and used at 1.25 ~tg/ml, incubating 24 h at 5 °C; substrate was incubated 5 h at 20 °C.
1" Hybridization for 119 h, values corrected for self-hybridization. * Aphids were apterae bred on an infected or healthy source; nucleic acids were extracted in the presence of carrier RNA; hybridization was for 138 h; hybridization values shown have not been corrected for selfhybridization (< 1 ~) but have been normalized with respect to the homologous reaction.
t Number of aphids.
370 lig, so the estimated virus content of the insects would be 2.3 mg/kg. (This result is not corrected for extraction efficiency of the nucleic acid; this value is not known, but an estimate from another experiment using carrier RNA provides an approximate value of 33 ~ efficiency.)
DISCUSSION
This work was initiated to support a study of the epidemiology of SCRLV (Jayasena & Randles, 1983) . Because of the unsatisfactory status of identification of luteoviruses by biological criteria, an unequivocal, sensitive and relatively rapid method of identifying and comparing isolates of SCRLV was required. ELISA would satisfy these requirements, but the need to prepare milligram amounts of virus for immunization together with the difficulties of ensuring specificity and interpreting serological relationships between isolates by this method, led us to attempt to develop a molecular hybridization assay suitable for use with SCRLV.
Of the methods available, the random priming method of Taylor et al. (1976) seemed the most appropriate because the representivity of the cDNA seems to be high (Gould & Symons, 1977; Van Der Walle & Siegel, 1982) ; around I Ixg of pure RNA is sufficient to synthesize a cDNA probe; if labelled with 3H the cDNA stock can be used for at least 4 years (unpublished data); hybridization kinetics allow virus concentrations to be calculated; and strains of viruses can be compared on the basis of nucleotide sequence homology (see Palukaitis & Symons, 1980; AbuSamah & Randles, 1981; Reddick & Barnett, 1983; Van Der Walle & Siegel, 1982) . Cloned probes have been obtained for use in viroid diagnosis (Owens & Cress, 1980) but their development for use with luteoviruses has yet to be reported. Our results have shown that a specific cDNA can be synthesized starting with less than 1 mg of SCRLV. Although DNA was detected in a nucleic acid extract of highly purified SCRLV (Fig. 1) it is assumed that this DNA would have sedimented more slowly than what we have assumed is the main SCRLV RNA peak in the sucrose density gradient (Fig. 2) and would not have interfered with the synthesis of cDNA to SCRLV RNA. We identified the peak on the sucrose density gradient as virus RNA on the basis of its apparent sedimentation rate relative to that of RNA isolated from the potyvirus bean yellow mosaic virus, because a virus-specific probe was synthesized using material from this peak as a template, and because reverse transcription was done in the presence of actinomycin D and was therefore RNA-directed (Taylor et al., 1976) . It will now be necessary to evaluate MHA for the identification and comparison of SCRLV with other luteoviruses, cDNA also has great potential for use in the study of virus-vector relationships.
